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ABSTRACT 

We perform an exhaustive analysis of the luminosities of galaxies in groups identified in the 
Sloan Digital Sky Survey (SDSS) Data Release 7. Our main purpose is to perform a detailed 
study of the Schechter luminosity function parameters: the characteristic absolute magnitude 
and the faint end slope, as a function of group virial mass in order to quantify their depen- 
dence on environment. We analyse the trends of the Schechter parameters as a function of 
group mass for different photometric bands, galaxy populations, galaxy positions within the 
groups, and the group surrounding large scale density. We find that the characteristic mag- 
nitude brightens and the faint end slope becomes steeper as a function of mass in all SDSS 
photometric bands, in agreement with previous results. From the analysis of different galaxy 
populations, we observe that different methods to split galaxy populations, based on the con- 
centration index or the colour-magnitude diagram, produce quite different behaviours in the 
luminosity trends, mainly for the faint end slope. These discrepancies and the trends with 
mass mentioned above are explained when analysing the luminosity function of galaxies clas- 
sified simultaneously according to their concentrations and colours. We find that only the red 
spheroids have a luminosity function that strongly depends on group mass. Late type galax- 
ies, whether blue or red, have luminosity functions that do not depend on group mass. The 
intrinsic change in the luminosity function of spheroids and the varying number contributions 
of the different types explain the overall trend of the LF with group mass. On the other hand, 
dividing the galaxy members in the inner and outer regions of the groups do not introduce a 
significant difference in the Schechter parameter trends, except for the characteristic absolute 
magnitude in the high group virial mass range (Ai > 1 x lO 13 M0/i _1 ) which is an indication 
of luminosity segregation in massive groups. Finally, we also analyse the possible influence of 
the large scale surrounding environment on the luminosity function of group galaxies. We find 
that galaxies inhabiting groups at low density regions experience more pronounced variations 
on the Schechter parameters as a function of groups mass, while galaxies in groups at high 
density regions show an almost constant behaviour. We discuss the possible implications of 
our findings in the galaxy evolution scenario. 

Key words: galaxies: fundamental parameters - galaxies: clusters: general - galaxies: evo- 
lution 



1 INTRODUCTION 

Since the p ioneer works ofjEinasto et al. Ul974h . lButcher & Oemlerl 
dl978h and lDresslerl dl980f ). stating that early-type systems tend to 
concentrate in high density regions, it has become clear that galaxy 
properties depend on the local environment. This dependence on 
environment must hold important information about the history of 
galaxy formation, so it is important to study the connection between 
the properties of the galaxies and their location in the Universe. In 
particular, a galaxy property that has been widely used in the liter- 



ature is the luminosity, mainly through the analysis of the galaxy 
luminosity function (LF). This function describes the distribution 
of luminosities of a given population of galaxies and, in most cases, 
the shape of that distr ibution can be f ully described by a function 
with two parameters JSchechted[l976h : the characteristic absolute 
magnitude M* and the faint end slope a. Although these statistical 
measurements themselves do not give physical explanations about 
galaxy formation and evolution, they provide important constraints 
on v arious physical pro cesses involved in such galaxy life stages 
fe.g. lBensonetall2003l) . 
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During the 1990's a lot of efforts have been made in or- 
der to compute the LF for galaxies in different environments 
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Figure 1. Distributions of the properties SDSS DR7 groups. Redshift dis- 
tribution (upper left panel), virial radii (upper right panel), line of sight 
velocity dispersion (lower left panel) and virial mass (lower right panel). 
Vertical dashed lines are the median of the distributions. 



such a s the field, groups a nd clusters of g a laxies (see for in 
stance iMarzke et alj 1 1994 iLinetal. Il996: IZuccaetalJ 1997 



Lopez-Cruz et al.l 1 19971; IValotto etafl 



1997; Ratcliffe et al. 1998 



Muriel et alj|l998l ; iRauzv et al.lll998l ; lTrenthamlll998l) . However. 

the advent o f large surveys of galaxies, such as the Sloan Digital 

Sky Survey JYork et al.l 12000]) and the Two d egree Field Galaxy 

Redshift Survey (2dFGRS, IColless et al.ll200ll) allowed for much 

better determinations of the LF (Blanton et *aUl200ll 120031. 120051 ; 
tt—. n rrrm itt— : — . .' . 11 I l _ N .P i 



Norberg et alj 120021: iMadgwick et al.1 |2002|; iTrentham & Tuliyl 
2002| ;lMartmez e t al.l2002l ; IChrisflein & Zabludofdl2003l ; lEke et al.l 
2004). There is a broad consensus that the LF of galaxies in the field 
is mainly flat (a ~ — 1), meanwhile a brighter characteristic magni- 
tude Al* and a steeper faint end slope a have been found in galaxy 
systems for absolute magnitudes in the range M r < — 16. Other au- 
thors argue that a very steep faint end slope, a t M r > — 17, can be 
measured in rich clu sters and galaxy groups I Popess o et alj|2005l ; 
Gonzalez e t al Jl 200(3) when using only photometric information. It 
should be remarked that the methods that do not use spectroscopic 
redshifts are sensitive to the background computation, so, they are 
less reliable. 

Many works in the last few years have been co ncentrated on 
the eff e ct of the envi r onme nt on the LF . For in s tance. ICroton et al.l 
J2005h: iHovle et al.l J2005t) ; Ixia et al.l fcOOfj) : IPark et alj d2007l) : 
iPhleps et alj J2007I) studied the dependence of the LF on the den- 
sity contrast within spheres of different radii. A brightening of the 
characteristic magnitude and a steepening of the faint end slope 
are observed whe n moving from underdense to overdense regions. 
iDeng e t al. ( 2007) found that the dependence of galaxy luminosity 
on a dense en vironment is much weaker than that on an underdense 
environment. IChoi et alj f2007h argued that the LF shows signifi- 
cant fluctuations due to large scale structures, while the morpholog- 
ical fraction as a function of luminosity is relatively less sensitive 



and thus seems to be more universal. The i mportance of the large 
scale environment was also established bv lYang et all [2009 ) and 
iTempel et all J2009l) showing strong environmental dependencies. 

One of the main benefits of working with large spectroscopic 
samples of galaxies is that they are ve ry suitable for the con- 
struction of large galaxy group catalogues. Zandi varez et al.1 ( 2006) 
used the main galaxy sample of the SDSS DR4 to construct a 
large galaxy group catalogue, and they have deepen the study of 
galaxy luminosities as a function of environment. Their analysis 
comprised the variation of the Schechter function parameters, for 
different galaxy populations, as a function of the galaxy group 
virial mass. Their results showed clear variations of M* and a 
with group virial mass, and proved that these variations are mainly 
caused by the red popu lation of galaxies in groups. More recently, 
iRobothame t al. (2010) studied the dependence of the LF of galax- 
ies in 2dFGRS groups on the group virial mass and multiplicity. 
They also found clear trends for decreasing a when increasing the 
masses and/or multiplicity for early type galaxies, while a much 
suppressed relation was observed for late type population. 

At present, the largest galaxy redshift survey is the Seventh 
Data Release of the Sloan Digital Sky Survey (hereafter DR7; 
lAbazaiian et alj|2009l) . This catalogue covers a very wide area on 
the sky and has high quality photometric and spectroscopic infor- 
mation. From this galaxy catalogue we can extract one of the largest 
galaxy group catalogued to date. Therefore, the main aim of this 
work is two fold: firstly, improving the resul ts obtained for the mass 
dependence galaxy LFs in the SDSS DR4 (Zandivarez et alj[2006l) 
by using the galaxies in groups in the SDSS DR7 in order to obtain 
more reliable and detailed results; and secondly, analysing galaxy 
LFs of different galaxy types using several criteria to classify them 
as well as study the influence of local and global environment on 
the LF. All this information is intended to provide a better under- 
standing of galaxies in a wide range of density environments and, 
consequently, to clarify the scenario of galaxy evolution. 

The layout of this paper is as follows. In section 2 we de- 
scribe the galaxy sample and the group identification process. The 
detailed analysis of the LFs is in section 3. Finally, in section 4 
we discuss possible implications of our results and summarize 
them in section 5. 



2 THE SAMPLE OF GALAXIES IN GROUPS 

The Sloan Digital Sky Survey (SDSS) has vali dated and made 
publi cly available its Seventh Data Release (DR7; Abazaii an et al.1 
2009) which consists of 8423 deg 2 of five-band, u g r i z, imag- 
ing data and 1,374,080 (8032 deg 2 ) spectra of gala xies, quasars 
and s tars. The DR7 Main Galaxy Sample (MGS; Strau ss et al.1 
2002) consists of galaxies with r— band Petrosian magnitudes 
r < 17.77 and r— band Petrosian half-light surface brightnesses 
jUgo < 24.5 mag arcsec -2 . 

Our sampl e of groups has been identified in the MGS of 
DR7 following IMerchan & Zandivarez! (2003). We performed the 
identification of groups on a subsample of MGS that includes 
~ 650, 000 objects up to a redshift of z = 0.2. We used a 
Friends-of-Friends algorithm that links galaxies (i,j) which sat- 
isfy Dij < Do x R and Vij < Vo x R, where Dij is their 
projected distance and Vij is their line-of-sight velocity difference. 
The scaling factor R is introduced in order to take into account the 
decrement of the galax y number density due to the apparent magni- 
tude limit cutoff (e.g.fiuchra & Gellerll 19821; iRamella et atll 19971 : 
IMerchan & Zandivarez! |2002|. 120051) . We have adopted a trans- 
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Figure 2. The group mass dependence of the 01 r— band LF of galaxies 
in groups. Points are C~ estimates of the LF (arbitrary units), while error 
bars are computed using a bootstrap re-sampling technique. Each panel cor- 
responds to a different group mass bin (labelled by their median mass), and 
the best fitting Schechter function as determined by the STY method. 



verse linking length Dq corresponding to a contour over-density 
of Sp/p — 200 (this value corresponds to an integrated overdensity 
of 330 in a A Cold Dark Matter cosmology), a line-of-sight linking 
length of Vo = 200 km s" 1 and a fiducial redshift of 0.035. Since 
it is well known that the MGS is incomplete for r-band apparent 
magnitudes lower than 14.5, we have adopted this magnitude as 
a lower apparent magnitude limit in our algorithm and excluded 
galaxies bri ghter than this from our analy ses. 

As in Merchan & Zand ivarezl d2005h . we have carried out an 
improvement of the rich group identification by performing a sec- 
ond identification (double identification, hereafter DI) on galaxy 
groups which have at least ten members. We used a higher den- 
sity contrast (Sp/p ~ 315), in order to spli t merged systems or to 
eliminate spurious member detections (see iDfaz et al. 200^). The 
position of the group centres for groups with at least 10 members 
has been determi ned by using an iterative procedure developed by 
IDfaz et al] J2005h ■ The procedure defines a new group centre es- 
timation by using the projected local number density (using the 5 
closest neighbours) of each galaxy member as a weight for their 



group centric distances, and then iterates this estimation by remov- 
ing galaxies beyond a given distance. The iteration process stops 
when the centre location remains unchanged. 

The final group sample comprises 15,961 groups with at 
least 4 members, add i ng up to 103,342 galaxies. Following 
iMerchan & Zandivare j d2002l) . group virial masses were com- 
puted as M — a 2 R vlI /G, where i? v h- is the virial radius of 
the system, and a is the v elocity dispersion of member galaxies 
dLimber & MathewsH "l960). The velocity dispersion a is estimated 
using the line-of-sight velocity dispersion a v , a = y/3a v . T o 
compute g v we use the methods described by lBeersetal.ldl990l) . 
The group sample has a median redshift, line-of-sight velocity 
dispersion, virial mass and virial radius of 0.09, 193 kms -1 , 
2.1 x 10 13 h' 1 M e , and 0.9 /i _1 Mpc, respectively. Figure □ 
shows the distributions of these group properties for our whole 
sample. 

Galaxy magnitudes use d throughout this work are Petrosian 
magnitudes (Petr osiartll976h . and have been corrected for Galac- 
tic extinction using the maps by ISchlegel et alj dl998l) . Abso- 
lute magnitudes have been computed assuming a flat cosmo- 
logical model with parameters flo = 0.3, Qa = 0.7 and 
H p = 100 h kms" 1 Mpc" 1 and K— corrected using the method 
of iBlanton &Roweisl d2007l) (KCORRECT version 4.1). We have 
adopted a band shift to a redshift 0.1, i.e. to approximately the 
mean redshift of the MGS of SDSS. We h ave also included evo - 
lution corrections to this redshift following IBlanton et alj d2003l) . 
Throughout this work we will refer to these shifted bands as 
01 u, 01 g, 01 r, 0,1 i, and 0,1 z. All magnitudes are in the AB sys- 
tem. 



3 THE GROUP MASS DEPENDENCE OF THE 

LUMINOSITY FUNCTION OF GALAXIES IN GROUPS 

In this section we study the luminosity function of galaxies in our 
sample of SDSS DR7 groups as a function of group virial mass 
and its dependence on: group identification procedure, photometric 
band, galaxy type, galaxy position within the groups and the large 
scale environment surrounding the groups. 

For computing the LFs we adopt two different methods: 
to visualise the LF, we use the non parametric C~ method 
dLvnden-Belllll97ll : ICholoniewskilll987l) . which is the most ro- 
bust estimator being less a ffected by diffe rent values of the faint 
end slope and sample size (Willmer 1997); and the STY method 
(Sand age, Tamma nn & Yah il 1 19791) which is reliable for fitting an- 
alytic functions without binning the data. In all cases studied in 
this paper, we fi nd that the Schechter parametrisation of the LF 
dSchechteill 19761) is appropriate, therefore, most of our findings be- 
low are expressed only in terms of the values of the Schechter func- 
tion shape parameters a and M* . 

3.1 The overall group galaxy population LF 

We have computed the 01 r— band LFs of galaxies in groups for 
the full sample of groups in the SDSS DR7 as a function of group 
virial mass. The corresponding LFs are shown in Fig. [2] where 
each panel corresponds to a different group virial mass bin from 
lower (left bottom panel) to higher (right top panel) mass val- 
ues. The solid lines show the STY best fit Schechter LFs, and 
the corresponding STY a and M* values are quoted therein. A 
clearer way to analyse the variation of the LF with mass is to 
represent the best fitting parameters (a and M*) as a function of 
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Figure 3. Left panels: STY best fitting Schechter functions parameters in the 0,1 r band as a function of group mass for our sample of SPSS DR7 groups . Error 
bars are the proj ection of \a joint error e llipse onto the a and M* axes. Horizontal lines are the field LF parameters obtained bv lBlanton et alj 120031) (solid 
lines) and lMontero-Dorta & Pr ada (2009) (dashed lines) along with their lo standard deviation (dotted lines). Open circles are the results by Zandivarez et al. 
Right panels: the dependence of the Schechter function parameters on different group identification procedures, see text for details. 



virial mass. In the left panels of Fig. [5] we show the 01 r— band 
LF's parameters of galaxies in groups. Our results show a clear 
brightening in the characteristic magnitude and a decreasing faint 
end slope with mass. The amplitude variations (AAf* ~ 0.6 
and Aq ~ 0.4) are fu lly consistent with the results obtained by 
Zandi varez et al.l bOOfj) . although the M* and a parameters are 
slightly shifted (~ 0.1) to brighter and steeper values, respectively. 
These differences are examined in detail in the following section. 
E ven when these tre n ds are in agreement with the results obtained 
bvlYang et alj fe005l) . IZandivarez et all feOOfj) and Robotham et al. 
(2010), the large number of groups used in our analysis allow us 
to obtain quite more clear and detailed determinations than those 
obtained in previous works. 



3.1.1 The dependence of the LF on the group identification 
procedure 

As described in Sect. 2, we have chosen to identify galaxy groups 
with a contour density contrast Sp/p = 200. Thi s particular value 
differ s from the one adopted in our previous work I Zan divarez et al.1 
l2006t) where groups with Sp/p = 80 were used. The choice 
adopted in the current work relies on the idea of considering an 
even more reliable sample of galaxy groups to perform the lumi- 
nosity statistics. Since the development of the Friends-of-Friends 
algorithm to identify groups in redshift space, the main reason to 
choose a value of Sp/p — 80 was to include as many loose systems 
as possible in order to obtain larger samples, and without chang- 
ing the main physica l properties of galaxy groups (see for instance 
lRamellaetai]|l997h . In a previous work, [Merchan & Zandivarez! 
(2002) have shown that the larger the Sp/p used in the identifica- 
tion process, the higher the reliability of identifying real systems. 
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Figure 4. STY best fitting Schechter functions parameters in the u, g, 
01 i and 01 z bands as a function of group mass for our sample of SDSS 
DR7 groups. Error bars are the projection of Ic joint error ellipse onto 
the a and M* axes. Ho rizontal lines are t he field LF parameters obtained 
by iBlanton et all fe003l) (solid lines) and iMontero-Dorta & Prad ;J fe009l) 
(dashed lines) along with their la standard deviation (dotted lines). 



In that work they have chosen a Sp/p = 80 just to include as many 
systems as possible at the expense of some reliability in the groups 
identified. Using Sp/p = 80 basically selects galaxies within a 
radius that corresponds to the geometric mean between the virial 
and the turnaround radii, therefore, galaxy groups include infalling 
galaxi es that can bia s the group definition, mass estimate and prop- 
erties dMamonl2 007). Our purpose in this work is to avoid the loos- 
est systems which are the least reliable in both, their probability of 
being real systems and the stability of their physical properties, and 
also exclude infalling galaxies, thus reducing biases in the luminos- 
ity statistics. 

It is interesting to investigate whether the choice of Sp/p or the 
refinement procedure in the identification could introduce observ- 
able effects on the LFs. Hence, we have performed different group 
identifications varying Sp/p, and applying or not the refinement 
identification process (DI) described in Sect. 2. The contour over- 
densities adopted are 80 and 200 while performing or not the refine- 
ment is named as double identification (DI) or single identification 
(SI) respectively. The results obtained with these new group sam- 
ples are shown in the right panels of Fig. [3] Analysing the trends 



observed for the characteristic magnitude (upper panel), it can be 
seen that the group identification with Sp/p = 80 produces groups 
with typically fainter M* than those observed for Sp/p — 200, and 
such difference is more pronounced when just a single identifica- 
tion is performed. For the faint end slope trends (lower panel), the 
behaviour is similar but less notorious than the described above. 
The observed differences in both Schechter parameters, arise pri- 
marily from using a lower density contrast, which has two main 
effects: the presence of not virialised systems whose existence and 
physical properties are less reliable, and the inclusion of galaxies in 
the outer parts of groups. The presence of loose systems can affect 
the LF over the whole range of masses, while the extended outer 
parts of groups should have a stronger effect in M* for high mass 
groups. Evidence of the latter is provided in our analysis of the vari- 
ation of the LF as a function of group centric distance in Sect. 3.3 
below. The low density contrast resu lts are in a better agree ment 
with the previous results obtained by Zand ivarez et alj d2006t) . The 
remaining differences, mainly observed in a, could be attributed to 
an increment of ~ 75% in the number of galaxies between DR4 and 
DR7. For the purposes of this work we prefer to use Sp/p = 200 
in our analyses in order to minimise possible biases. 

3.1.2 The LF in all SDSS photometric hands 

A full photometrical description of galaxies in groups is achieved 
by studying the LFs for different photometric bands as a function of 
group mass. Being the SDSS galaxy sample a r— band magnitude 
limited one, it does not mean that such sample is magnitude limited 
in the other SDSS bands. Therefore, we have introduced apparent 
magnitude cuts-offs in each SDSS photometric band in order to 
build complete magnitude limited samples of galaxies. The corre- 
sponding cut-offs in each band (see table in Appendix A) are ob- 
tained from the analysis of the galaxy number counts in each SDSS 
DR7 band. The adopted limits are more conservative than those 
adopted bv lMontero-Dorta & Pradal d2009h for the SDSS DR6 (see 
their Table 2). Since AT— corrections for each band are only reliable 
within certain redshift ranges, we ha ve also adopt e d the redshift 
cut-offs for each band introduced by Blanton et al. ( 2003), whi ch 
are consistent with those used bv lMontero-Dorta & Pr ada (2009). 

The resulting Schechter parameters as a function of groups 
masses for each photometric SDSS band are shown in Fig. [4] We 
observe a similar behaviour as the obtained in the r— band for both 
Schechter parameters as a function of the group masses. The char- 
acteristic magnitude shows (left panels) approximately the same 
increment from low to high group masses in the 01 g, 01 i and 0A z 
bands (~ 0.6 mag), similar to the 01 r results. This brightening is 
smaller (~ 0.5) in the 01 it band. The largest variation of the faint 
end slope as a function of mass is observed in the u— band (~ 0.6) 
while the other bands show roughly the same increment (~ 0.4) 
and also similar to the 0,1 r band. 

As a comp arison with field L F, we show in Figs. [3] and [4] 
the re sults by IBlanton et ail d2003h and IMontero-Dorta & PradU 
(2009) for galaxies in the SDSS DR1 and DR6, respectively. 
Since those galaxy samples comprise all MGS galaxies in each 
data release, the results obtained for the Schechter parameters 
are expected to be representative of the low mass groups tail 
of our analyses. This is clear ly observed for both Schechter pa- 
rameters when analysing the IBlanton et al.l d2003h results, while 
this is true only for the char acteristic magnitudes obtained by 
Montero-Dorta & Prada (2009). The faint end slopes obtained by 
IMontero-Dorta & Pradal d2009h are typically steeper than ours. 
However, analysing their LFs and comparing them with those ob- 
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Figure 5. Classifying galaxies into early and late types according to the 
concentration parameter C. Left panels show the distributions of C for 
MGS galaxies with apparent magnitude r < 16 in different absolute magni- 
tude bins (thick solid lines). These distributions are used to randomly assign 
C values to group galaxies whose 7-50 values are strongly affected by see- 
ing (see text for details). The resulting distributions of randomly assigned 
C are shown as thin line histograms. Right upper panel shows the fraction 
of galaxies in groups with randomly assigned C as a function of absolute 
magnitude. Right lower panel shows C vs absolute magnitude for all galax- 
ies in groups. About 16% of these galaxies have random C values. The 
horizontal line is C = 2.6 that splits galaxies into early and late types. 

tained bv lBlanton etaD J2003h . we observe that the behaviours of 
both determinati ons, at the faint end slope, a re quite similar (see 
Figs. 7 and 8 o flMontero-Dorta & Pradj2009h . The differences ob- 
tained in the fitted faint end slope are the r esult of a small brighten- 
ing in the character istic magnitude in th e iMontero-Dorta & Prada 
( 2009) compared to lBlanton etaD J2003h . 

3.2 The luminosity function of different galaxy types 

The galaxy population in the local Universe can be broadly de- 
scribed in terms of two different classes of objects, early and 
late types, which can be disting uished by their morphology, star 
formation rate and colou r (e.g. IStrateva et al1l200 ll : iBalogh et al.l 
|2004 iBaldrv et alj|2004» . Evidence has been found that the prop- 
erties of e arly-type galaxies are almost independent of the environ- 
ment (e.g. lDressler et alJl997llBernardi et alj2003l ; lMartfnez et al. l 
2010). This has also been re ported for late types (e.g. lBiviano et al.l 
199C ;[Zandivarez et al. 2006). There is conclusive evidence that the 
bi-modality in galaxy colours is already in place at z ~ 1, and that 
the fractions of early and late types are different co mpared to the 
local universe. dBell et al.ll200l : lTanaka et alj|2005h . A number of 
physical mechanisms related to environment can be responsible for 
this bimodality by transforming galaxies from late to early types 
(e.g., ram pressure, galaxy harassment, interactions with potential 
wells) or by truncating their star formation (e.g. strangulation). 

In this section, we explore the mass dependence of the LF of 



Figure 6. The colour-magnitude diagram of galaxies in SDSS DR7 groups. 
Solid red lines are the centres of the Gaussian functions that represent the 
colour distribution of the SDSS DR7 MGS overall red galaxy sequence as 
a function of absolute magnitude. Dashed blue lines are the corresponding 
values for the blue galaxy sequence. In both cases we show the width of the 
Gaussian functions as error bars. The green thick solid line is the function 
we use to split galaxies into Red and Blue subsamples (see text for details). 

different galaxy types. Galaxies are classified into different types 
according to their concentration index and colour, with the aim of 
shedding light on the effect of group environment in the transfor- 
mation of galaxies and the build up of the bimodality observed in 
the galaxy population. 

3.2.1 Early and Late galaxies according to the concentration 
index C 

The concentration index is defined as the ratio of the radii enclosing 
90 and 50 percent of the Petrosian flux, C = rgo/rso. This param- 
eter is related to the light distribution within a galaxy. Typically, 
early-type galaxies h ave C > 2.6, while for late-types C < 2.6 
dStrateva et aT]|200lh . thus, C is an indicator of morphology. We 
split group galaxies into early and late types according to their C 
parameter, and compute the group mass dependence of the LF of 
galaxies of each type. 

Special care must be taken when using C to classify galax- 
ies. The effects of seeing in the measurement of rso and r$o, and 
thus in C, have to be considered for galaxies with relatively small 
angular sizes. The average seeing in the SDSS is below a conser- 
vative value of 1.6", thus for galaxies that have rso ^ 1.6", C can 
be unreliable. We have found that ~ 16% of all MGS galaxies with 
redshifts z < 0.2 (our redshift upper limit) have 7-50 values below 
1.6". This number drops to less than 0.7% if we impose a fur- 
ther apparent magnitude cut-off of r < 16. We have used volume 
limited subsamples of these brighter MGS galaxies to compute the 
distribution of C for different luminosity bins (see left panels of 
Fig.[5]l- These distributions are the used to randomly assign C val- 
ues to those galaxies that had unreliable values of C (rso < 1.6"). 
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Right upper panel of Fig.[5]shows the fraction of galaxies in group 
with randomly assigned C values as a function of absolute magni- 
tude. We used Kolmogorov-Smirnov test to choose the C random 
assignations that reproduce the best the observed C distributions 
per bin of absolute magnitude. These distributions are shown by 
histograms in the left panels of Fig. [5] Finally, right lower panel 
shows the scatter plot of C vs. absolute magnitude for all the galax- 
ies in groups in SDSS DR7, i.e., those whose C was assigned ran- 
domly and those whose C was reliable from the very beginning. 

Once all the galaxies in groups have C values assigned, we 
classify them into early or late types (see right panel of Fig. [5} and 
compute the mass dependence of the 01 r— band LF of each galaxy 
type. We show in the left panels of Fig. [7J the group mass depen- 
dence of the parameters a and M* . We also show, for comparison, 
the results from the overall population of galaxies in groups deter- 
mined in the previous section. Clearly, early and late type galaxies 
have different LFs over the whole group mass range. Regarding the 
characteristic magnitude, M*, it is systematically brighter for early 
types, the difference ranging from ~ 0.2 to ~ 0.6 mag. Also, the 
dependence of M* on mass is stronger for early types. This be- 
haviour closely follows the trend of the overall galaxy population, 
despite being fainter over most of the mass range. The faint end 
slope, a, of early and late types differ in ~ 0.8 over the whole 
mass range, being, as expected, larger in absolute value for late 
types. Their trends as a function of group mass are roughly parallel 
to each other. 

3.2.2 Red and Blue galaxies according to the 01 (it — r) colour 

At a fixed luminosity, the colour distribution of galaxies can be re- 
markably well described as the combination of two Gaussian func- 
tions that represent th e contributions from galaxies in the blu e and 
the red sequence (e.g. iBaldrv et alj|2004 iBalogh et alj|2004) . We 
use this bi-modality of galaxy colours to split galaxies into red and 
blue populations. 

We proceed as follows: firstly, we fit the two-Gaussian model 
to the (u — r) colour distribution of the MGS galaxies in differ- 
ent absolute magnitude bins. For this purpose, we include in each 
absolute magnitude bin the largest volume limited subsample of 
MGS galaxies. The fitting procedure gives, for a given luminos- 
ity bin, 6 parameters that measure the amplitude, mean value and 
width of the two Gaussian functions. In Fig. [6] we show the mean 
colour of the blue and red populations as a function of absolute 
magnitude and the corresponding half-maximum widths as error- 
bars, superimposed over the colour-magnitude diagram of MGS 
galaxies. Secondly, we looked for the colour that separates between 
blue and red populations as a function of absolute magnitude: for 
each luminosity bin, we compute the colour value at which the 
two Gaussian functions intersect, i.e., the colour value that gives 
a galaxy the same probability of belonging to the red or to the blue 
population. We have found that these 'equal-probability' points 
can be very well fitted by a second degree polynomial: P{x) = 
-0.02a; 2 - 0.15a; + 2.46, where x = Afo.i r - 51og(/i) + 20, 
shown as a thick green line in Fig. [6] Finally, we use this polyno- 
mial to classify galaxies as red or blue for the computation of the 
"■V-bandLF. 

In the middle panels of Fig. [7] we show the resulting param- 
eters a and M* as a function of group mass for galaxies classi- 
fied as blue and red and the comparison with the results for the 
overall galaxy population of groups (Sect. 3.1). The first conclu- 
sion that can be extracted from the comparison of these panels 
with the left panels is that, classifying galaxies according to colour 



is not as closely related to classifying galaxies according to con- 
centration index as one may, a priori, think, since the results for 
blue/red differ from those of early/late types discussed above. The 
mass dependence of M* and a for the red and blue sequences 
qualitatively agree wit h our previous findings using DR4 groups 
dZandivarez et alj[2006l) . The red sequence M* is brighter than its 
blue counterpart over the whole mass range in ~ 0.2 — 0.8 mag, 
and has a stronger dependence on mass. It is also brighter than that 
of the whole sample, at least for masses > 1.6 x 10 13 'hT 1 Mq. The 
blue sequence M* shows a weak dependence on mass. Regarding 
a, the results for the blue sequence are independent of group mass, 
showing a constant value of ~ —1.2, whereas the red sequence 
shows a variation of ~ 0.5 over the whole mass range. 

The fact that the blue sequence LF shows such a weak depen- 
dence on the mass of the systems supports the existing idea of a 
blue population whose properties are basically independent of the 
environment. 

3.2.3 The role of red spheroids 

Splitting galaxies into two populations according to a morpholog- 
ical or a colour criterion has led to remarkably different faint end 
slopes (Fig. |7J. This result indicates that the correspondence be- 
tween galaxy colour and morpho logy is not perfect, as was also 
pointed out bv lBundv et al.l d2010h . In that work, the authors stud- 
ied a population of red sequence galaxies with disk-like morpholo- 
gies taken from the COSMOS survey. They found that up to half 
of the red sequence galaxies harbour disks in the redshift range 
0.3 < z < 1.2, and that their contribution to the red sequence 
declines with time. 

In the right panels of Fig.|7J we show the group mass depen- 
dence of the LF for galaxies classified according to both: C and 
colour, simultaneously. We show a and M* as a function of group 
mass for red-early galaxies, red-late galaxies (i.e. passive disks) and 
blue-late galaxies. We did not introduce in this figure the results for 
galaxies classified as blue-early because there are only few of them 
which turns LF computation very noisy. It is clear from these pan- 
els that for both late types, blue-late and red-late, the LF parame- 
ters show no clear group mass dependence. Both types have similar 
M* , and passive disks have an LF steeper (a ~ —1.6) than that of 
star forming disks (a ~ —1.2). The only type that displays strong 
mass dependence of its LF is the red-early type, dominated by red 
spheroids. 

The general trend of the LF as a function of mass and the un- 
even behaviours of the LFs of galaxies classified according to mor- 
phology or colour can be understood in light of these results and the 
inset panel in Fig.|7J in which we show the fraction of the 3 colour- 
morphology types as a function of group mass. Red-early galaxies 
have a LF that strongly depends on mass, its M* brightens in ~ 0.8 
mag and its a steepens in ~ 0.7 over the mass range we probe, and 
also, the fraction of these galaxies increases with mass. This galax- 
ies only can account for the trends observed in the overall group 
LF. When classifying galaxies according to C, early type galaxies 
are dominated in number by the red-early type, therefore it explains 
the similarity between the trends seen in red in the left panels and 
in dark red in right panels of Fig. |7J On the other hand, late type 
galaxies are a mix of blue-late and red-late types, the former domi- 
nating at low mass and the latter increasing their contribution with 
mass. The steepening of the LF of late type galaxies with mass is 
due to both: the decreasing fraction of blue-late galaxies and the in- 
creasing fraction of passive disks with mass. As regard to the colour 
classification, the lack of mass dependence of a of blue galaxies is 
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Figure 7. STY best fitting Schechter function parameters in the 01 r band as a function of group mass for different galaxy populations. Left panels show the 
results obtained from classifying galaxies into early and late types according to their concentration index C. In the middle panels galaxies are classified as 
belonging to the red or blue sequences according to their 01 (m — r) colour. Right panels show the results of classifying galaxies using both C and colour. 
Error bars are the projection of 1<t joint error ellipse onto the a and M* axes. Inset panel shows the fractions of different types of Mo.i r — 5 log(h) < —19.5 
and z < 0.09 galaxies as a function of group mass. 



mirroring the fact that they are mostly blue-late types. On the other 
hand, since the red sequence includes passive disks, its a is system- 
atically larger in absolute value than that of late galaxies. 



3.3 The luminosity function dependence on group centric 
distance 

Galaxies in the inner parts of clusters of galaxies are known to be 
statistically diffe rent in their physical properties from those in the 
outer parts fe.g.lWithmore & Gilmordll99ll : IWithmore et al . 1993; 
Dommguez et al. 200 lj ). This has also been fo und in less massive 
groups of galaxies (e.g. lDommguez et alj2002b . In order to deepen 
our understanding on the galaxy segregation within groups, in this 
part of the paper we explore the dependence of the LF on the posi- 
tion of galaxies inside the groups. 

For each galaxy in our group sample we compute its projected 
distance to the group centre in units of the group virial radius. We 
find that the median of the distribution of these normalised pro- 
jected distances is 0.4. We use this value to split galaxies in groups 



into two classes: galaxies in the inner and outer parts of groups, and 
compute the group mass dependence of the 0,1 t — band LF for each 
class. The resulting STY best fit M* and a parameters as a func- 
tion of mass are shown in Fig. [8] Given the estimated error-bars, 
the only significant difference in the LF of galaxies in the inner 
and outer parts of groups is seen in M* for groups more massive 
than ~ 10 13 ft -1 Mq. Galaxies in the inner parts of groups have 
a brighter A/* , as expected. This difference tends to increase with 
mass since galaxies in the inner parts show a strong dependence on 
mass while the outers do not. On the other hand, there is no signif- 
icant differences in the behaviour of the faint end slope for inner 
and outer group galaxy members. 



3.4 The luminosity function dependence on large scale 
environment 

So far, all our analyses were carried out focusing on the influence 
of the intra-group medium in the Schechter parameters and their 
variation as a function of the group mass. The final issue that arises 
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Figure 8. STY best fitting Schechter function parameters in the 01 r band 
as a function of group mass for galaxies in the inner and outer regions of 
groups according to their normalised projected group centric distance. Error 
bars are the projection of la joint error ellipse onto each axis. 



tain proper estimations of the number densities we have defined 
a volume limited sample of galaxies to compute densities, using 
only those with z < 0.11 and Mo.i r - 5 log (ft) < -20. We have 
also introduced a lower redshift cutoff (z > 0.04) since the lower 
magnitude cut-off of 14.5 eliminates almost all galaxies in that re- 
gion. Finally, the sample of groups is also restricted in the redshift 
range in order to have properly defined cylindrical volumes, i.e., 
we have used only those groups with mean redshift in the interval 
[0.04 + fuv/c ; 0.11 — fa v /c], where c is the speed of light. 

We have used four different values / = 2, 3, 4 and 5. Af- 
ter applying the corresponding restrictions, each sample comprises 
~ 8500 groups which have been split in low (pf below the 33 th 
percentile) and high (pf above the 66 th percentile) large scale den- 
sity subsamples of groups. The distribution of each type of density 
and their corresponding subsamples are shown in the upper panels 
of Fig. [9] The middle and lower panels show the variation of the 
Schechter parameters for each subsample as a function of group 
mass. From these panels, it can be seen that there is clear influ- 
ence of the large scale environment on the resulting LF parameters, 
and on their variation with group mass. When analysing groups 
at the densest large scale environments, we do not observe a sig- 
nificant variation as a function of group mass, showing almost a 
constant behaviour for both, the characteristic absolute magnitude 
(~ —20.7) and the faint end slope (~ —1.1), and these behaviours 
remains roughly unchanged moving from a small (/ = 2) to a 
large (/ = 5) surrounding volume. On the other hand, a different 
behaviour is observed for the subsamples at the lowest density sur- 
rounding environments. Regarding the characteristic absolute mag- 
nitude at the smallest surrounding volumes (/ = 2), it can be seen 
that it is a decreasing function of mass, varying from —20.4 to 
—20.7 (~ 0.3 mag) over 1 order of group mass. This particular 
trend becomes more and more pronounced when the surrounding 
volume is increased, finding the largest variation at the largest vol- 
ume (/ = 5), from —20.3 to —20.8 (~ 0.5 mag) over 1 order of 
group mass. A similar behaviour is observed for the faint end slope. 
At the smallest surrounding volume, we observe almost a constant 
value of ~ —0.9 as a function of group mass, which is a signifi- 
cantly shallower slope than that obtained in the densest subsample. 
When the surrounding volume is increased, the a-M relation, for 
the lowest density subsamples, becomes a decreasing function of 
mass, varying from —0.85 to —1.1 (~ 0.25) over 1 order in group 
mass, for the largest volume analysis. 



is whether the influence of the large scale environment could play 
a role in the Schechter parameters for different groups. 

In order to quantify this effect, we split the sample of groups 
into two: groups with high and low dense large scale environment, 
where the density of the environment is characterised by a num- 
ber density defined as follows. We compute the number density 
of galaxies in a cylindrical volume around groups, pf, where / 
is a multiplicative factor used to compute the volume. On the sky 
plane, the cylinder is defined by the circle with a radius / times the 
virial radius of the group measured from its centre (R — fr v i r ), 
while on the line-of-sight, the cylinder has length defined by / 
times the velocity dispersion, above and below the mean redshift 
of the group (L = 2fa v ). Due to the irregular shape of the galaxy 
catalogue, the solid angle of this cylinder is estimated by taking 
into account the angular mask of the SDSS DR7. It should be 
noted that pj is computed subtracting the number density vol- 
ume of the group, computed by using f — 1. Since the sample 
of galaxies in the catalogue is magnitude limited, in order to ob- 



4 DISCUSSION 

In the last few years, the mass dependence of the LF of galaxies in 
groups has been analysed by several authors (e.g lZandivarez et"ai1 
l200alRobotham et alfeoiof) . Our findings for the overall LF are in 
agreement with the trends found in those previous works, but the 
use of a larger sample of groups allowed us an important statistical 
improvement. We have been able to disentangle the dependence of 
the LF on galaxy types, the location of galaxies within groups and 
the large scale environments of groups. 

Our results strongly suggest that the population of red 
spheroids is the most related to the group environment. Among the 
different galaxy types, only red spheroids have LF that strongly 
correlates with group mass. On the other hand, the late types (blue 
and red), have LFs that are independent of mass. The mass de- 
pendence of the LF of red spheroids and their increasing frac- 
tion with mass are the responsible for the mass dependence of the 
overall LF of galaxies in groups. There are several physical mech- 
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Figure 9. The environmental dependence of the galaxy LF. Upper panels: distributions of environmental density of groups, p t . Densities are computed as 
the number of galaxies brighter than Mo.i r — 5 log(/i) = —20 within cylindrical volumes defined by / times the virial radius and the line-of-sight velocity 
dispersion of groups (see text for details). From left to right we move from smaller to larger volumes. Shaded (striped) areas are the subsamples of groups 
in high (low) density environments. Middle and lower panels: STY best fit Schechter function parameters in the 01 r band as a function of group mass for 
galaxies in the corresponding low and high density group subsamples. 



anisms proposed in the literature to explain the presence of red 
spheroids in groups, some of them are more effective in higher 
mass systems, which may explain the increasing fraction of red 
spheroids with g roup mass. For instance, in high mass g roups, 
strangulation (e.g 
ram pressure (e.g. 



Larson et al. 1980; Balogh & Morris 2000) and 



Gunn & Gott 1972; Abadi et al. 1999) can trans- 



form and quench star formation, which, in turn, affect primar- 
ily galaxy colou r, while galaxy harassment transforms disk s into 
spheroids (e.g. iFarouki & S hapiro 1981; Moore et alj Il99fj) . Re- 
gardless the masses of the systems, ga l axy m ajor mergers (e.g. 
iToomre & Toomrel 1 19721 ; iHopkins et al.1 2008) combined with a 
mechanis m to prevent subsequent star formatio n (such as AGN 
feedback, iBower et alj|2006l ; | Croton et ai] |2006h can be responsi- 
ble for the formation of red spheroids in groups of any masses. 

Our work raises another interesting point. We find a clear in- 
dication of luminosity segregation, since galaxies in the inner parts 
have brighter characteristic magnitudes than their counterparts in 
the outer regions. This agrees with the well-known fact that the 



most luminous g alaxies exist preferentially in the densest regions of 
the Universe (e.glDavis et a l. 1988; Hamilton 1988; Loveda vetall 
1 19951; lBenoistet al1ll999l ; IZehavi et al.1 120051 ; iDeng et all r2007l) . 
Moreover, the luminosity segregation becomes more pronounced 
for massive systems as a consequence of a strong brightening of 
M* with the group ma ss for galaxies in the inner parts. These facts 
resemble the results o f Skibb a etal.ld2007l) in which, by testing the 
halo model predictions in groups of galaxies, they found that the 
luminosity of the central objects increases with halo mass, while 
non central galaxies show almost no mass dependence. 

Regarding the connection between the large scale group sur- 
rounding environment and the LF, high density regions show 
brighter and steeper values than the observed at low density re- 
gions, fo r both, M* and a r espectively. A similar result was ob- 
served bv lTempelet~ai1 ( l2010l) when analysing galaxy luminosities 
in the SDSS DR7 at different global density environments. They 
found that Af» clearly becomes brighter from voids to superclus- 
ters, however, they do not observe any variation in a. Furthermore, 
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an interesting result arises in our work when analysing the varia- 
tion of the LF parameters with group mass, since two distinct be- 
haviours are observed: meanwhile galaxies in groups within high 
density regions have LF parameters that exhibit almost no changes 
with group mass, LF of galaxies in groups inhabiting low density 
regions experience a significant variation with mass. Our results 
suggest a plausible scenario for galaxy evolution in which both, 
large scale and local environments play important roles. There is 
evidence in the literature stating th at groups in high density regions 
formed earlier lHarke retal.ll2006h . This gives the galaxy members 
a longer time to evolve, producing brighter bright galaxies (M*), 
mostly through mergers, and also a larger number of faint galaxies 
(a), affected by dynamical friction and with depleted gas reser- 
voirs. For these groups, the effect of large scale environment could 
be the main responsible for galaxy evolution, with the group mass 
(local environment) playing a secondary role in the final result. On 
the other hand, for groups inhabiting low density regions, the group 
mass plays a more important role in the observed galaxy luminosi- 
ties. For a fixed mass, it might be inferred that the difference in the 
formation time between groups in high and low density regions, is 
the key point to understand the differences in the LF, i.e., we are 
observing different stages of the same galaxy evolution. However, 
the formation time can not be entirely blamed for all differences, 
since groups in high density regions may have accreted a larger 
amount of material from their surroundings during their evolution, 
while groups in low density regions have had more limited access 
to fresh material. Thus, galaxy evolution in groups may follow dif- 
ferent paths depending on where the groups inhabit. 



5 SUMMARY 

We have carried out an exhaustive analysis of the luminosity 
function of galaxies in groups. This work was aimed to achieve 
a more complete and detailed analysis than previously done by 
Zandivarez et al. I J2006I) . For this new study, we have identified 
groups of galaxies in the MGS of the SDSS DR7, obtaining one of 
the largest group samples at present (~ 16, 000 groups with more 
than 4 members) that allowed us to obtain more refined and reliable 
statistics than in our previous work. 

We have studied the group mass dependence of the galaxy LF 
under a number of different conditions: group identification algo- 
rithms, photometric bands, galaxy types, galaxy locations within 
groups, and the large scale environment in which the groups are po- 
sitioned. We have found that the Schechter function is an appropri- 
ate description of the LF of galaxies in groups in all cases studied, 
thus our work relies on the analysis of the parameters describing 
the characteristic absolute magnitude, M*, and the faint end slope, 
q, and their dependence with group mass. In the Appendix table 
we quote the LF parameters from all our analyses. The main results 
of our work can be summarised as follows: 

• The LF is sensitive to the identification technique (single or 
double identification) and to the value of the contour density con- 
trast adopted. Our preferred choice, double identification plus high 
contour density contrast (8p/p = 200), gives LFs that have system- 
atically brighter M* and steeper a compared to single identifica- 
tions and/or lower density contrast values. It should be emphasised 
that the latter options are prone to include a larger number of loose 
systems, whose existence a nd physical parameters are less reliable, 
thus biasing the LF results (Merchan & Zandivarez 2002; Mamon 
120071) . 



• The trends of the Schechter parameters as a function of 
group mass show very similar results regardless of the photomet- 
ric band considered. Over the probed group mass range (12 < 
log(M/MQh~ 1 ) < 15), M* brightens in ~ 0.6 mag and a de- 
creases in ~ 0.4 for the 01 g, V, 01 i and 0A z bands. For the °- 1 u 
band we find a brightening of ~ 0.5 mag in M* and a decrease of 
~ 0.6 in a. This different behaviour for the 0A u band is likely to 
be explained in terms of the spectral coverage of the 0A u band, that 
is closely related to the current star formation, and the well known 
suppressed star formati on rate experienced by galaxies in systems 
dZandivarez et al.ll2006h . 

• When splitting galaxies into early and late types according 
to their concentration parameter, or into blue and red according 
to their position in the colour-magnitude diagram, we obtain quite 
different results in the mass dependence of the LF, mainly for the 
faint end slope of the different populations. The a parameters of 
early and late types are decreasing functions of group mass, parallel 
one to another and shifted in Aa ~ 0.8. On the other hand, when 
classifying galaxies according to colour, the a of the red popula- 
tion decreases with mass, but the a of the blue population remains 
constant over the whole mass range. These differences reinforce 
the idea that there is no univocal relatio n between galaxy colour 
and morphology (e.g. iBundv et al.|[201oh . Classifying galaxies us- 
ing concentration index and colour, simultaneously, allows us to 
understand the nature of the observed trends. We find that the blue- 
late and the red-late (passive disks) types, have LF parameters that 
do not correlate with group mass, it is their relative fraction what 
changes with mass and determines the trend of late types with mass. 
On the other hand, red-early type galaxies (red spheroids) do have 
LF parameters that are strongly correlated with group mass. All 
mass dependencies of the LF parameters observed in this work can 
be understood by the contribution of this single galaxy population. 

• Analysing galaxies in the inner and outer regions of groups, 
we find an indication of luminosity segregation in systems more 
massive than ~ 10 13 MqK" 1 . For these groups, galaxies in the 
inner parts have systematically brighter (~ 0.4 mag) characteristic 
magnitude. 

• Finally, we analysed the possible influence of the large scale 
group surrounding environment on the luminosities of group mem- 
bers. It can be seen that, on average, the high density regions 
show brighter and steeper values than the observed at low den- 
sity regions, for both, M* and a respectively. Galaxies in groups 
within high density regions have LF parameters that have almost 
no changes with group mass in contrast with galaxies in groups 
inhabiting low density regions. 

The implications of our results should be addressed by the- 
oretical and semianalytic models in order to fully understand the 
physics behind the role played by the environment on galaxy evo- 
lution. 
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APPENDIX A: TABLE 

In the following table we quote the STY best-fitting Schechter pa- 
rameters for different subsamples of galaxies in groups used in this 
work. 



12.58 - 12.84 
12.84 - 13.02 
13.02 - 13.18 
13.18 - 13.33 
13.33 - 13.49 
13.49 - 13.64 
13.64 - 13.84 
13.84 - 14.10 
> 14.10 



5830 
5983 
5851 
5914 
5733 
5564 
5191 
5010 
3664 



-19.71 
-19.63 
-19.76 
-19.75 
-19.81 
-19.88 
-20.00 
-20.05 
-20.16 



± 0.06 
± 0.05 
± 0.06 
± 0.05 
± 0.05 
± 0.05 
± 0.06 
± 0.05 
± 0.05 



-1.05 ± 0.05 
-0.96 ± 0.05 
-1.06 ± 0.06 
-1.04 ± 0.05 
-1.10 ± 0.06 
-1.15 ± 0.06 
-1.26 ± 0.07 
-1.30 ± 0.06 
-1.32 ± 0.07 



14.00 < i < 16.00 



12.00 ■ 
12.58 - 
12.84 - 
13.02 - 
13.18 - 
13.33 
13.49 ■ 
13.64 - 
13.84 ■ 



12.58 
12.84 
13.02 
13.18 
13.33 
13.49 
13.64 
13.84 
14.10 



6442 
6854 
7343 
7560 
8126 
8333 
8784 
9077 
9844 
10366 



-20.96 
-21.10 
-21.03 
-21.11 
-21.15 
-21.21 
-21.26 
-21.41 
-21.49 
-21.64 



± 0.06 
± 0.06 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.04 
± 0.05 
± 0.05 
± 0.04 



-1.02 ± 0.04 
-1.06 ± 0.04 
-0.99 ± 0.04 
-1.04 ± 0.04 
-1.10 ± 0.04 
-1.12 ± 0.05 
-1.17 ± 0.04 
-1.30 ± 0.05 
-1.36 ± 0.05 
-1.46 ± 0.05 



14.20 < z < 17.25 



12.00 ■ 
12.58 - 
12.84 - 
13.02 - 
13.18 - 
13.33 ■ 
13.49 - 
13.64 - 
13.84 ■ 



12.58 
12.84 
13.02 
13.18 
13.33 
13.49 
13.64 
13.84 
14.10 



5901 
6297 
6762 
6935 
7403 
7631 
8016 
8284 
9004 
9400 



-21.24 
-21.38 
-21.31 
-21.39 
-21.40 
-21.45 
-21.50 
-21.65 
-21.70 
-21.85 



± 0.06 
± 0.06 
± 0.05 
± 0.06 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 
± 0.05 



-0.99 ± 0.04 
-1.04 ± 0.04 
-0.98 ± 0.04 
-1.02 ± 0.05 
-1.04 ± 0.04 
-1.07 ± 0.05 
-1.11 ± 0.05 
-1.25 ± 0.06 
-1.30 ± 0.06 
-1.41 ± 0.06 



12.58 - 12.84 
12.84 - 13.02 
13.02 - 13.18 
13.18 - 13.33 
13.33 - 13.49 
13.49 - 13.64 
13.64 - 13.84 
13.84 - 14.10 
> 14.10 



4547 
5007 
5522 
5914 
6353 
6819 
7354 
8174 



-20.79 ± 0.07 
-20.74 ± 0.06 
-20.80 ± 0.05 
-20.85 ± 0.05 
-20.89 ± 0.05 
-20.98 ± 0.05 
-21.13 ± 0.05 
-21.19 ± 0.05 
-21.29 ± 0.01 



-0.92 ± 0.04 
-0.85 ± 0.04 
-0.93 ± 0.04 
-0.98 ± 0.04 
-0.99 ± 0.04 
-1.06 ± 0.04 
-1.21 ± 0.05 
-1.25 ± 0.04 
-1.30 ± 0.01 



12.00 - 
12.58 - 
12.84 - 
13.02 - 
13.18 - 
13.33 - 
13.49 - 
13.64 - 
13.84 - 



12.58 
12.84 
13.02 
13.18 
13.33 
13.49 
13.64 
13.84 
14.10 



3619 
3451 
3388 
3159 
3363 
3186 
3185 
3120 
3177 
3243 



- Blue 
40 ± 0.07 
36 ± 0.09 
34 ± 0.07 
39 ± 0.07 
36 ± 0.06 
39 ± 0.07 
46 ± 0.07 

44 ± 0.07 

45 ± 0.07 
63 ± 0.06 



-1.19 ± 0.04 
-1.21 ± 0.05 
-1.17 ± 0.06 
-1.21 ± 0.06 
-1.16 ± 0.06 
-1.23 ± 0.08 
-1.28 ± 0.09 
-1.28 ± 0.10 
-1.22 ± 0.10 
-1.31 ± 0.11 



r band - Red & Early 



12.00 - 
12.66 - 
12.94 - 
13.14 - 
13.33 - 
13.52 - 
13.73 - 



12.66 
12.94 
13.14 
13.33 
13.52 
13.73 
14.02 



3327 
4047 
4759 
5251 
5891 
6475 
7556 
8765 



-20.43 ± 0.06 
-20.48 ± 0.05 
-20.61 ± 0.05 
-20.61 ± 0.05 
-20.69 ± 0.05 
-20.81 ± 0.04 
-21.04 ± 0.04 
-21.20 ± 0.02 



-0.33 ± 0.06 
-0.31 ± 0.05 
-0.46 ± 0.04 
-0.46 ± 0.05 
-0.49 ± 0.06 
-0.63 ± 0.05 
-0.83 ± 0.04 
-0.99 ± 0.04 



13.33 - 
13.49 - 
13.64 - 
13.84 - 
> 14 



13.49 4504 

13.64 4751 

13.84 4920 

14.10 4799 

10 3345 



-20.89 
-21.06 
-21.15 
-21.21 
-21.24 



± 0.06 
± 0.07 
± 0.07 
± 0.09 
± 0.09 



-1.02 ± 0.06 
-1.17 ± 0.06 
-1.26 ± 0.06 
-1.31 ± 0.07 
-1.29 ± 0.08 



r band - r p / ' r v 



12.00 


- 12.58 


4113 


-20.50 ± 0.07 


-1.03 ± 0.04 


12.58 


- 12.84 


4255 


-20.64 ± 0.07 


-1.12 ± 0.04 


12.84 


- 13.02 


4410 


-20.59 ± 0.07 


-1.06 ± 0.05 


13.02 


- 13.18 


4430 


-20.66 ± 0.07 


-1.12 ± 0.06 


13.18 


- 13.33 


4664 


-20.56 ± 0.06 


-1.06 ± 0.06 


13.33 


- 13.49 


4665 


-20.55 ± 0.06 


-1.10 ± 0.06 


13.49 


- 13.64 


4662 


-20.61 ± 0.06 


-1.09 ± 0.06 


13.64 


- 13.84 


4757 


-20.78 ± 0.06 


-1.25 ± 0.07 


13.84 


- 14.10 


4844 


-20.71 ± 0.06 


-1.14 ± 0.06 


> 


14.10 


3637 


-20.84 ± 0.07 


-1.28 ± 0.07 



> 13.46 4077 -20.79 ± 0.09 -1.08 ± 0.08 



r band - P4 high 



12.00 - 12.83 
12.83 - 13.16 
13.16 - 13.46 
> 13.46 



3607 -20 

4034 -20 

4428 -20 

5944 -20 



.74 ± 0.10 
64 ± 0.09 
74 ± 0.09 

.89 ± 0.09 



-1.08 ± 0.06 
-1.00 ± 0.06 
-1.11 ± 0.06 
-1.20 ± 0.06 



r band - P5 low 



12.00 - 12.83 
12.83 - 13.16 
13.16 - 13.46 
> 13.46 



3289 -20 

3488 -20 

3900 -20 

4718 -20 



.33 ± 0.09 
.53 ± 0.09 
73 ± 0.09 
80 ± 0.07 



-0.85 ± 0.07 
-0.90 ± 0.07 
-1.03 ± 0.07 
-1.11 ± 0.06 



r band - P5 high 



12.00 - 12.83 
12.84 - 13.16 
13.16 - 13.46 
> 13.46 



3971 -20 

3855 -20 

4214 -20 

5302 -20 



.70 ± 0.09 
.65 ± 0.09 
64 ± 0.09 
86 ± 0.09 



-1.06 ± 0.06 
-1.01 ± 0.07 
-1.03 ± 0.07 
-1.20 ± 0.06 



s 
5- 



s 

TO 



a Units are log(X/(/i- 1 M )) 



